Focal ischemia was produced by occlusion of the right middle cerebral artery (MCA) in normo-and hy perglycemic rats. In the cortical infarct rim, regional [14Cl2-deoxyglucose (f14C]2-DG) phosphorylation was correlated to spontaneous transient changes in extracel lular potassium recorded as direct current (DC) potential deflections. In normoglycemic rats the DC potential showed transient but recurrent deflections in the first hours following MCA occlusion. The 2-DG phosphoryla tion was elevated by 200% in the same area. In contrast, hyperglycemic rats had no, or a single, deflection of the DC potential in the rim, and the 2-DG phosphorylation remained normaL The same pattern was obtained by ap plication of 3 M KCI to the exposed cortex. In normogly cemia potassium application resulted in recurrent deflec-
The present study deals with the events occur ring in the cortical rim around the infarct in rats with middle cerebral artery (MCA) occlusion. Pre vious work in this model has clearly shown in creased glucose phosphorylation in the infarct border (Shigeno et aI. , 1983; Sako et aI., 1985; Ne dergaard et aI. , 1986) . This may have two causes: either enhanced anaerobic glycolysis due to hypo perfusion and reduced oxygen supply (Pasteur ef fect) or enhanced glucose utilization due to an in crease in metabolism. The latter explanation is fa vored by observations in other models of focal cerebral ischemia of repeated transient elevations of extracellular potassium in the infarct border (Branston et aI. , 1977; Harris et aI. , 1981; Strong et aI. , 1983) . Elevation of extracellular potassium tions of the DC potential, and 2-DG phosphorylation in creased in most parts of the hemisphere. Hyperglycemic animals had a nearly stable DC potential, and 2-DG phos phorylation increased only in the tissue area situated di rectly below the site of potassium application. The re sults indicate that metabolism in the cortical infarct rim is stimulated by spontaneous and recurrent changes in ex tracellular potassium-a phenomenon that may be re lated to spreading depression-and that the metabolism remained normal in the same area in hyperglycemic an imals owing to an inhibition of transient increases of ex tracellular potassium. Key Words: Cerebral ischemia-2-Deoxyglucose-Hyperglycemia-Middle cerebral artery occlusion -Spreading depression. poses a load on the ion transport and is associated with a marked elevation of the metabolic rate (Shinohara et aI. , 1979; Gjedde et aI. , 1981) . We suspected that transient release of intracellular po tassium to the extracellular space was the cause of the high rate of glucose phosphorylation found in the infarct rim. Although direct current (DC) poten tial is influenced by factors other than potassium, transient increases of extracellular potassium are comparable to the phenomenon of spreading de pression, and as such they can be detected as de flections in cortical DC potential (Nicholson and Kraig, 1981) .
This study correlates glucose phosphorylation, [14C]2-deoxyglucose ([14C]2-DG) accumulation, to potassium transients detected as DC potential de flections in the cortical infarct rim. A quantitative analysis of glucose utilization in the model has been published earlier (Nedergaard et aI. , 1986) .
We have compared normoglycemic with diabetic hyperglycemic animals, since preliminary studies indicate that hyperglycemia prevents the increased glucose phosphorylation in the infarct border (Ne dergaard and Diemer, 1985) and, as it will be shown, this effect relates to an inhibition of potas sium transients in presence of hyperglycemia.
This effect is of particular interest since it has been shown that a fraction of the nerve cells be come irreversibly damaged in the infarct rim of normoglycemic animals, whereas the rim is struc turally preserved and the nerve cell injury reduced in hyperglycemia (Nedergaard and Diemer, 1985) .
MATERIALS AND METHODS

Animals
All experiments were performed on male Wistar S.P.F. strain rats (330-360 g) (P anum's Avlslaboratorium, Co penhagen, Denmark). Some of the animals in both series were rendered diabetic by a single intraperitoneal injec tion of streptozotocin (60 mg/kg body weight) 35 h before the experiment. To obtain a stable and high level of plasma glucose, a dose of 1 m150% glucose i.p. was given 1 h before the operation. The normoglycemic group were starved the night before the operation, whereas the hy perglycemic animals had free access to food pellets. Both groups had tap water ad libitum. A total of 45 animals divided into groups were used in this study (see Ta ble I).
Microelectrodes
The electrodes used were single barreled and made from borosilicate glass tubes. The tip diameter was � I fLm with a resistance of 2-10 MO. The electrodes were filled with 2 M KCI. The reference barrel consisted of a polyethylene catheter filled with 2 M KCI solidified in agar and placed in a neck muscle. The electrodes were connected via Ag-AgCl leads to a different electrometer (input impedance � 1014 Mil). The DC potential was re corded on a Southern Instruments multichannel recorder. In Group b the double electrodes consisted of one short and one long capillary glued together and pulled without twisting. The distance between the two electrode tips was 1.5 ± 0.2 mm (n = 6).
Experimental procedure
The rats were anesthetized with pentobarbital (50 mg/kg), and polyethylene catheters were placed in the tail artery for recording of blood pressure and in a tail vein for infusion. Supplemental pentobarbital doses of 15 mg/kg were administered hourly. Rectal temperature was kept close to 37°C by means of a thermostatically con trolled heating lamp. Blood gases and MABP were moni tored repeatedly throughout the operation. Experiments were completed only if these physiological variables re mained within normal limits (Table 2) .
MCA occlusion
Before MCA occlusion a small burr hole was made in the right parietal bone for insertion of the microelectrode. The animals underwent subtemporal craniotomy and ex posure of the proximal portion of the right MCA. The MCA was ligated by a 10-0 suture with needle just before the origin of the most lateral lenticulostriate arteries using a microsurgical technique (Tamura et aI., 1981) . The spontaneously breathing animals were thereafter placed in a stereotactic head holder. The electrode was lowered by a motor-driven micromanipulator into the pa rietal cortex to a depth of 200 fLm below the surface. The electrode was inserted into the right parietal cortex 2.0 mm anterior and 3.0 mm lateral to bregma. The time delay between MCA occlusion and insertion of the mi croelectrode was 2.5 ± 0.3 min (mean ± SD). In no an imal was the delay longer than 4 min. DC deflections were correlated to glucose phosphorylation, 2-DG accu mulation, in 10 normo-and 10 hyperglycemic MCA-oc cluded animals (Table I) .
Three additional groups of experiments in MCA-oc cluded normoglycemic rats were performed:
Group a. To investigate if the DC deflections were con fined to the ischemic hemisphere, double recording was performed with the additional electrode placed in mirror position in the left hemisphere in three animals. The elec trode placed in the left hemisphere was lowered to a depth of 200 fLm below the cortical surface by a manual micromanipulator.
Group h. In six animals the DC potential was recorded with two electrodes placed in the infarct rim. The addi tional electrode was placed closer to the ischemic focus (2.0 mm anterior and 4.5 mm lateral to bregma). The double recording was made to investigate if the DC de flections propagated across the infarct rim.
Group c. In three animals the experiments were pro longed until a halt of DC deflections was observed for 1 hr. These animals were included to observe the total time of spontaneously released DC deflections following MCA occlusion.
KCI application
With a distance of 3 mm (measured from the outer pe riphery), two burr holes were made over the right parietal cortex in four normoglycemic and nine hyperglycemic animals ( Table 1) . The animals were placed in a stero tactic head holder and the electrode lowered by a motor driven micromanipulator into the cortex through the pos terior burr hole to a depth of 200 J.1m below the surface. A filter paper soaked in 3 M KCI was applied to the exposed cortex in the frontal hole. The filter paper was replaced with a fresh soaked paper every 20 min. 2-DG autoradi ography was performed in all these animals. Values are means ± SO. MCA, middle cerebral artery.
a Normoglycemic group (n = 10) inclusive of Groups a (n = 3), b (n = 6), and c (n = 3). b p < 0.00 1 between the normoglycemic and hyperglycemic groups.
Autoradiographic procedure
Twenty minutes after MCA occlusion or the first KCl application, [l4CJ2-DG (100 f..L Ci/kg body weight) was in jected and circulated for 60 min. The heart was arrested with an intravenous infusion of saturated KCI 80 min after MCA occlusion or KCI application. Immediately after recording of the terminal depolarization, the brains were removed and frozen in isopentane cooled to -60°C in acetone and dry ice. Twenty-micron frozen sections were cut. The sections were dryed on a heating plate and exposed to x-ray film (Kodak MINR) for 14-20 days. The autoradiograms and calibrated [14CJmethylmethacry late standards were measured by video densitometry with a TAS plus R computerized image analyzer. For compar ison with the DC potential, an average of four sections (200 f..L m apart) at the site of electrode insertion were used. The density in a cortical band 2 mm wide and 1.5 mm high was read in these sections as well as in the mirror position in the opposite hemisphere and the 14C concentration calculated. In animals with MCA occlu sion, the shape corresponding to the corpus callosum in sertion of the electrode was used for localization, whereas the shape of the hippocampus was used in an imals with KCl application.
No attempt was made to calculate the rate of glucose utilization. A quantitative analysis of the glucose utiliza tion in the model has been published previously (Neder gaard et aI., 1986) .
Statistics
Student's t test was used for the statistical evaluations. Table 2 summarizes the physiological variables of the different experimental groups. MABP was maintained between 90 and 120 mm Hg. The blood gases and pH were within normal limits in all groups. Hyperglycemia was evident in all the strep tozotocin-treated animals.
RESULTS
Physiological variables
MCA occlusion DC potential. In normoglycemic animals recur rent transient deflections in DC potential were re-corded during the experimental time of 80 min (Table 3) . Maximal amplitude of �30 mV was reached within 0. 5 min, while the return to normal level lasted several minutes (4-15 min). The config uration of the deflections was often sterotypically repeated in one animal, but was of varying shape between animals ( Fig. 1) . In 51 ± 25% of the exper imental time, the potential was elevated from base line level.
Group a recordings in the opposite hemisphere showed stable potential at the same time as deflec- tions in the infarct rim, indicating no spreading to the nonischemic hemisphere. Group b double recordings in the cortical infarct rim did not show any interelectrode delay in the potential in five of six animals. In one animal only DC deflections in the electrode nearest the isch emic core were observed. Group c, in the three animals in which recordings were prolonged, the DC deflections gradually de clined in frequency, but not in amplitude, until a halt was observed 2. 3, 4. 4, and 5. 2 h after the MCA occlusion.
In 5 of 10 hyperglycemic animals, no DC deflec tions were observed in the experimental time of 80 min (Fig. 2) . One of these animals (no. 3) had a de pressed DC potential at the beginning of the experi ment, which slowly returned to baseline. In the other four animals, one DC deflection was ob served in each animal at 1, 3, 7, and 11 min. Its amplitude was similar to that of normoglycemia, but its duration was shorter (Table 3 ). Time to ter minal depolarization following cardiac arrest (intra venous KCI) was nearly doubled in hyperglycemia (Table 3) .
2-DG phosphorylation. The phosphorylation of 2-DO was greatly depressed in the lateral two thirds of the striatum on the side of MCA occlu sion. The focus of dense ischemia was sharply de lineated because isotope concentration changed fivefold within a few hundred microns. In the nor moglycemic group the focus of ischemia was sur rounded by a broad cortical rim of increased 2-DO phosphorylation (Fig. 3) . 2-DO phosphorylation was increased by 210% of the corresponding level in the contralateral cortex (Table 4 ).
In hyperglycemic animals 2-DO accumulation was not elevated in the cortical mantle adjacent to the ischemic focus (97% of the corresponding con tralateral cortex) (Fig. 4) . In none of the animals was 2-DO phosphorylation depressed at the site of electrode insertion.
KCI application
In normoglycemic animals recurrent waves of DC potential deflections (26.9 ± 3.8 mY) were re corded at a distance of 3 mm from the potassium application (Table 4 ). The return to normal level of The core of dense ischemia is surrounded by a broad cortical rim of increased 2-DG phosphor ylation.
DC potential lasted 1-2 min (Fig. 6) . The 2-DO phosphorylation increased in most parts of cortex compared with the corresponding contralateral cortex (Fig. 5) .
Hyperglycemic animals showed minor fluctua tions of the DC potential (3.9 ± 1.2 mY) (Fig. 7) , and 2-DO phosphorylation increased only at the site of potassium application (Fig. 8 ).
Correlation between DC potential and 2-DG phosphorylation
A firm correlation exists between repeated de flections of the DC potential induced by either MCA occlusion or KCl application and increased 2-DO phosphorylation, with both phenomena present in normoglycemic animals and nearly ab sent in hyperglycemic ones. 3.9 ± 1.2b
2.23 ± 8.5
a Frequency of direct current potential changes in seven of nine hyperglycemic animals. In two animals no deflections were observed.
b p < 0.00 1.
FIG . 4. [14CJ2-0eoxyglucose ([14CJ2-0G) autoradiogram from a hyperglycemic middle cerebral artery-occluded animal (no. 2). A narrow rim of increased 2-0G phosphorylation immediately surrounds the ischemic core. 2-0G phosphorylation is not in creased in the cortical mantle ad jacent to the ischemic focus.
DISCUSSION
The primary interest of the present study is the pathophysiology of the infarct rim in rats with MCA occlusion. Specifically the DC potential was correlated to 2-DG phosphorylation in the cortical infarct rim of normo-and hyperglycemic animals. In accordance with previous studies, it was found that 2-DG phosphorylation was increased by �200% in a broad cortical mantle adjacent to the infarct in normoglycemic animals. This increase was associated with spontaneously recurring in- 5. [14C]2-0eoxyglucose ([14C]2-0G) autoradiogram from a representative normoglycemic animal with application of 3 M KCI on the right parietal cortex (direct current potential re cording from the same animal shown in Fig. 6 ). 2-0G phosphor ylation increased in most parts of the right parietal cortex com pared with the opposite hemi sphere.
J Cereb Blood Flow Me/ab, Vol. 6, No.5, 1986 creases of extracellular potassium detected as DC potential deflections. Both the increased glucose phosphorylation and the transient increases in ex tracellular potassium were almost completely blocked by hyperglycemia. This surprising result was substantiated by the ability of hyperglycemia to inhibit propagation of spreading depression by topical KCl application, In the following the term "infarct rim" defines the cortex with increased 2-DG phosphorylation in normoglycemia and the corresponding cortex in hyperglycemic rats.
The observations pose two questions: What factor(s) caused the spontaneous transient in creases of extracellular potassium? Why did hy perglycemia inhibit these transients?
The observations of transient increases of extra cellular potassium in the border areas to a focal ischemic lesion are in agreement with earlier re ports. In non starved baboons with MeA occlusion, Branston et al. (1977) and Harris et al. (1981) found repeated transient increases of potassium and dem onstrated a linear correlation between clearance of potassium and blood flow. Similar "potassium transients" were observed by Strong and co workers (1983) in fasted, MeA-occluded cats, using surface potassium electrodes.
Transient increases of extracellular potassium relate to the phenomenon of Leao's cortical spread ing depression. In the normal brain spreading de pression is a fully reversible process, and the ion gradients are reestablished within 1-2 min (Hansen and Lauritzen, 1985) . The waves of spreading de pression propagate preferentially in the upper cor tical layers (Leao, 1951) . They are associated with increased glucose utilization that rises before the ion shifts between extra-and intracellular space (Shinohara et aI., 1979; Gjedde et aI., 1981) . The threshold for elicitation of spreading depression is decreased in hypoglycemia, and the decay to normal potassium concentration is prolonged (Martins-Ferreira, 1955; Bures and Buresova, 1960) .
The potassium transients in the cortical infarct rim may reflect the release of potassium in the in farct spreading to the surroundings; as such they are comparable to waves of spreading depression or they may be a local phenomenon. No evidence of propagation of the potassium transients was found in this study; neither were De deflections recorded simultaneously or only at one site by the two elec trodes inserted 1. 5 mm apart in the infarct rim. This observation indicates that the potassium transients are a local phenomenon. However, the problems of origin and spreading will be issues for further in vestigations.
Perfusion in the cortical rim around the infarct is reduced to 20-30% of normal and the glucose utili zation raised to � 200 j-LmoIlhg/min (N edergaard et aI. , 1986) . With a plasma glucose level of 8 mmoIlL, the glucose content will be low even with an ex traction rate of glucose of 100%. Glycopenia may therefore emerge locally in the cortical infarct rim, and the threshold for elicitation of potassium tran sients reduced accordingly, so that otherwise sub threshold events will cause its release. Such local events could be small foci of ischemia with im paired Na + -K + transport.
The second question concerns the absence or re duced number of potassium transients in the hy perglycemic, MCA-occluded animals. Local glyco penia is unlikely in the hyperglycemic animals. This may explain the stabilization of the DC potential and the normal metabolic rate in the infarct border in hyperglycemic animals. However, the threshold for depolarization might even be increased in the presence of hyperglycemia. This hypothesis was verified in the nonischemic brain. The movement of spreading depression over the brain from the site of KCl application and the increase in metabolism in the surrounding cortex as seen in normoglycemic animals were blocked in hyperglycemia. The recur rent low-amplitude DC deflections of 3. 9 ± 1. 2 m V recorded do not fulfill the criterion of spreading de pression, and the deflections were unable to stimu late glucose phosphorylation. The studies of Leao (1944) suggest that a negative potential of at least lO-mV amplitude is a defining characteristic of spreading depression.
Hyperglycemia may exert its effects directly on the membranes. Brismar and Sima (1981) suggested a decreased N a + and an increased K + conductance as an explanation for reduced excitability in periph eral nerves in acute diabetes. Accordingly Na +, K + -ATPase activity, tissue respiration, and blood flow in peripheral nerves are reduced in diabetes (Das et eI. , 1976; Greene et aI. , 1984; Tu ck et aI., 1984) . The anoxic depolarization of the brain and the steep rise of the extracellular potassium con centration after cardiac arrest are slowed by hy perglycemia, an effect that has been ascribed to in creased glucose availability (Bures and Buresova, 1957; Hansen, 1978) . Alternatively a decreased ex citability caused by the hyperglycemic state of the animals might be considered. We propose that the threshold for elicitation of spreading depression and similar events is influenced by the tissue glu- Vol. 6, No.5, 1986 cose level in such a way that hyperglycemia inhibits the initiation and propagation of spreading depres sion. The rim of increased glucose phosphorylation around the ischemic focus in normoglycemia re flects transient increases of extracellular potas sium. In hyperglycemia the reduced number of po tassium transients and the lower metabolic rate in the cortical infarct rim may be related to an in creased threshold for depolarization. The impor tance of the higher level of tissue glucose per se is not excluded.
The infarct rims in normo-and hyperglycemia differ not only in respect to DC reflections and glu cose phosphorylation, but also in respect to struc tural damage. The normoglycemic a n imals are ex tensively damaged in the cortical infarct rim. As previously reported (Nedergaard et aI., 1986) neu ronal necrosis is observed in all layers close to the complete infarction, but at a distance of? 1 mm the neuronal injury is observed exclusively in the upper layers. In hyperglycemic animals the infarct rim ap pears structurally intact and the transition between the infarct and the surroundings is very sharp. The upper-layer injury in normoglycemic animals is not ischemic in origin, as blood flow distribution favors the upper layers (Nedergaard et aI. , 1986) .
In view of the clearly documented poorer out come following global ischemia in hyperglycemic animals (Plum, 1983) , the hyperglycemic inhibition of neuronal death in the infarct rim is surprising. Perfusion in the infarct rim is, however, not re duced to ischemic levels but to oligemic levels. Since the deleterious effects of hyperglycemia are related to lactacidosis (either absent or present to only a moderate degree in oligemia), our results do not contradict previous reports.
The mechanisms underlying the vulnerability of neurons to substrate deprivation are not under stood. Severe hypoglycemia and cerebral ischemia both lead to extensive energy failure and membrane depolarization. Similar pathogenic mechanisms could prevail in the two disorders. However, the distribution of neuronal injury after ischemia is dif ferent from that after hypoglycemia. Hypoglycemic brain damage affects exclusively the upper cor tical layer (Auer et aI. , 1985) , whereas the lower cortical layers are damaged in global ischemia (Smith et aI., 1984) . Several observations support the idea that ischemic and hypoglycemic brain damage is mediated by excitotoxins, but their or igin and regional extracellular concentrations may differ in hypoglycemia and ischemia (Wieloch, 1985; Wieloch et aI. , 1985) . In this context it is in teresting that the distribution of neuronal injury found in the cortical infarct rim resembles the hy-poglycemic pattern of nerve cell damage and not, as could be expected, the pattern found in isch emia. The coincidence of the propagation of spreading depression in the upper cortical layers and the vulnerability of the same layers in hypo glycemia (with its lower spreading depression threshold) could be important. Release of glutamate has in fact been demonstrated during spreading de pression (Van Harreveld and Fitkova, 1970) . This suggests that the repeated depolarizations asso ciated with limited glucose supply may trigger the same deleterious events as in hypoglycemia, leading to cell damage.
In conclusion our results indicate that recurrent depolarizations combined with increased glucose phosphorylation are involved in the nerve cell in jury in the infarct rim. Hyperglycemia inhibits po tassium transients and increased glucose phosphor ylation and reduces the selective neuronal injury around experimental brain infarct.
